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Terahertz frequencies are situated in the far-infrared spectra of electromagnetic radiation that inherit the richness of photonics and electronics, as well as their weaknesses 14, 15 . The development of electrically tunable terahertz semiconductor devices, preferably operating at room temperature, is hindered by the limitation on the change of free carrier density, which leads to inefficient responses to terahertz radiation 16, 17 . Within the last decade, considerable effort has been devoted to efficiently modulating terahertz waves, with approaches including utilization of a semiconductor two-dimensional electron gas (2DEG) system 16 and a hybridized metamaterial with a charge carrier injection scheme, such as a Schottky diode 18, 19 or a high electron mobility transistor (HEMT) 20 . However, these previous attempts were based on conductivity changes by charge carrier injection on bulk substrates, and their electron carrier density is limited to a value of ~1  10 12 cm -2
. As a possible alternate route, graphene, a truly two-dimensional atomic system, can be employed to circumvent this limit as it allows dramatic modification of the Fermi level and the corresponding charge carrier density by simple electric gating. This charge carrier handling capability, within the limit of dielectric breakdown, is an order of magnitude larger (~10 13 cm -2 ) than that of conventional 2DEG systems 16, 20 . Furthermore, the small effective mass of charge carriers in graphene makes it possible to fully maximize the light-matter interaction in the extreme subwavelengthscale.
Defects in graphene-based devices, such as grain boundaries, adsorbed H 2 O molecules, and other impurities acting as charge trap sites on dielectric substrates or on a graphene sheet, cause hysteresis in electronic transport 21 . This bistable behaviour has opened up a new path to implement graphene-based electronic memory devices using electrochemical modification 22 , graphene oxide 23 , or ferroelectric materials 24 . On the other hand, a hysteretic change in the optical conductivity of graphene, induced by charge carrier retention or delayed response in reaching equilibrium, will provide potential photonic memory applications, similar to phase-change memory metamaterials 25 . Here, we present an electrically controllable light-matter interaction in a hybrid material/metamaterial system consisting of artificially constructed meta-atoms and truly two-dimensional carbon atoms. The extraordinary electrical and optical properties of graphene, when enhanced by the strong resonance of meta-atoms, lead to light-matter interaction of an unprecedented degree such that persistent switching and linear modulation of terahertz wave transmission are realized in the extreme subwavelengthscale (< λ/1,000,000).
The structure of a fully integrated, gate-controlled, active terahertz graphene metamaterial is depicted schematically in Fig. 1a . Functionally, the device is a combination of an array of meta-atoms, an atomically thin graphene layer transferred conformally onto the metamaterial layer, and an array of metallic wire gate electrodes (For details on fabrication of the device, see Methods Summary). In order not to complicate the underlying physics of the planar metamaterial layer without loss of generality, meta-atoms composed of a hexagonal metallic frame or asymmetric double split rings (aDSR) exhibiting Fano-like resonance are periodically arranged (Fig. 1b) .
Large-area graphene grown by a chemical vapour deposition (CVD) process 26 is transferred onto the meta-atom layer (see Supplementary Information for the characterization of single-layer and multilayer graphene). For gate-controllable doping of the graphene, three electrodes are incorporated into the metamaterial device, two of which are attached on both the top and bottom polyimide spacers surrounding the graphene/meta-atom layer (Fig. 1b) , while the other electrode is directly connected to the graphene layer (ground). The top and bottom electrodes are carefully designed to apply a static electric field near the periphery of the graphene layer, while allowing incident terahertz radiation to be transmitted without being perturbed by these electrodes. For this purpose, these electrodes are constructed with a thin metallic wire array, where the gap between adjacent wires is in the deep subwavelength-scale (~λ/150) in order to fully utilize the extraordinary optical transmission (EOT) In addition to promising amplitude and phase modulation predictable on the basis of the carrier dynamics of ideal graphene, active graphene metamaterial exhibits a considerable amount of gate-controlled optical hysteresis. The controllable hysteretic behaviours in the realistic graphene on a substrate [21] [22] [23] [24] , when combined with the metamaterial, can alternatively be utilized as a route toward the development of an electrically controllable photonic memory. The photonic memory effect in our device can be mainly attributed to charge trapping phenomena at the grain boundaries or defect With the given gate voltage pulses (±300 V for 1 sec), the retention time is estimated to be around 20 min, which is comparable to the value of CVD-grown SLG ferroelectric memory 24 ( Fig. 4b) . For longer memory retention times, oxidative graphene would be superior to an intrinsic graphene layer due to oxygen-related, stable memristive phenomena 21, 22 .
In conclusion, we experimentally demonstrated an electrically controllable lightmatter interaction in a gate-controlled active graphene metamaterial. The exotic electrical and optical properties of graphene, when enhanced by the strong resonance of meta-atoms, lead to a very strong light-matter interaction in a manner that allows persistent switching and linear modulation of low energy photons in the extreme subwavelength-scale (~λ/1,000,000). Surprisingly, low energy photons were fully controlled while being transmitted through gate-controlled, one-atom-thick, single-layer graphene integrated with strongly coupled meta-atoms. By stacking the deep subwavelength-scale planar graphene metamaterial, further enhancement of the lightmatter interaction is expected. Benefitting from the controllable light-matter interaction, the gate-controlled active graphene metamaterials are expected to provide a myriad of important applications, particularly in the dynamic control of terahertz waves, tunable transformation-optics devices, and photonic memory devices.
Method Summary
Fabrication processes for the gate-controlled active graphene metamaterial All metallic parts of the graphene metamaterial were made of 100-nm-thick gold with a 10-nm-thick chromium adhesion layer. Graphene was grown by CVD in order to cover the entire area of the metamaterial (15 × 15 mm 2 ). A bare silicon wafer was used as a sacrificial substrate. In order to construct the active graphene metamaterial on the sacrificial substrate, a polyimide solution (PI-2610, HD MicroSystems) was spin-coated and fully cured using a two-step baking process, resulting in a final polyimide thickness of 1 μm. In order to define the bottom EOT electrode on the prepared polyimide layer, UV photolithography and electron-beam evaporation were followed by a metal lift-off technique. Repeating the same polyimide stacking processes as employed for the first layer, the metallic meta-atoms are then insulated from the bottom electrode. The metallic meta-atoms were patterned using the same processes as for the bottom electrode. Then, the graphene (SLG on Cu foil, MLG on Ni/SiO 2 /Si substrate) was transferred and conformally attached to the array of meta-atoms. After the graphene layer had been transferred onto the meta-atoms, a ground electrode was defined on the graphene layer using a shadow mask. For the symmetry of graphene metamaterials in the direction of the terahertz wave propagation, a polyimide layer and a top EOT electrode (optional) were stacked. After opening the electrical contact via O 2 plasma etching, the freestanding and flexible active graphene metamaterials were peeled off of the silicon substrate. Finally, the active graphene metamaterials were soldered to a drilled PCB substrate. at a cooling rate of 5 °C/min under Ar gas flow of 1,000 sccm.
In order to transfer the CVD-grown SLG and MLG to a polyimide substrate, a polydimethylsiloxane (PDMS) film was used to minimize undesired cracks and solventinduced effects. The thermally grown SLG (MLG) on the Cu foil (Ni/SiO 2 /Si substrate) was peeled off from the substrate after 8-hour etching in a 0.1 mol% ammonium persulfate (3-hour etching in a 12.5 mol% iron chloride) solution. After a two-step rinsing process with DI water, the graphene layer was successfully transferred and conformally attached to the prepared polyimide layer, on which the meta-atoms were patterned.
B. Characterization of CVD-grown graphene
Raman spectroscopy was used with a 532 nm excitation laser for the characterization of graphene layers. The SLG and MLG, grown in the same batch for samples used in the main manuscript, were transferred onto a 300-nm-thick SiO 2 substrate. Based on 2D/G intensity ratios and the full width at half maximum (FWHM), the number of graphene layers was estimated. As shown in 
